Muscles ensure locomotion behavior of invertebrate and vertebrate organisms. They are highly specialized and form using conserved developmental programs. To identify new players in muscle development we screened Drosophila and zebrafish gene expression databases for orthologous genes expressed in embryonic muscles. We selected more than 100 candidates. Among them is the glycolysis gene Pglym78/pgam2, the attenuated expression of which results in the formation of thinner muscles in Drosophila embryos. This phenotype is also observed in fast muscle fibers of pgam2 zebrafish morphants, suggesting affected myoblast fusion. Indeed, a detailed analysis of developing muscles in Pglym78 RNAi embryos reveals loss of fusion-associated actin foci and an inefficient Notch decay in fusion competent myoblasts, both known to be required for fusion. In addition to Pglym78, our screen identifies six other genes involved in glycolysis or in pyruvate metabolism (Pfk, Tpi, Gapdh, Pgk, Pyk, and Impl3). They are synchronously activated in embryonic muscles and attenuation of their expression leads to similar muscle phenotypes, which are characterized by fibers with reduced size and the presence of unfused myoblasts. Our data also show that the cell size triggering insulin pathway positively regulates glycolysis in developing muscles and that blocking the insulin or target of rapamycin pathways phenocopies the loss of function phenotypes of glycolytic genes, leading to myoblast fusion arrest and reduced muscle size. Collectively, these data suggest that setting metabolism to glycolysis-stimulated biomass production is part of a core myogenic program that operates in both invertebrate and vertebrate embryos and promotes formation of syncytial muscles. morpholino | Danio rerio
Muscles ensure locomotion behavior of invertebrate and vertebrate organisms. They are highly specialized and form using conserved developmental programs. To identify new players in muscle development we screened Drosophila and zebrafish gene expression databases for orthologous genes expressed in embryonic muscles. We selected more than 100 candidates. Among them is the glycolysis gene Pglym78/pgam2, the attenuated expression of which results in the formation of thinner muscles in Drosophila embryos. This phenotype is also observed in fast muscle fibers of pgam2 zebrafish morphants, suggesting affected myoblast fusion. Indeed, a detailed analysis of developing muscles in Pglym78 RNAi embryos reveals loss of fusion-associated actin foci and an inefficient Notch decay in fusion competent myoblasts, both known to be required for fusion. In addition to Pglym78, our screen identifies six other genes involved in glycolysis or in pyruvate metabolism (Pfk, Tpi, Gapdh, Pgk, Pyk, and Impl3). They are synchronously activated in embryonic muscles and attenuation of their expression leads to similar muscle phenotypes, which are characterized by fibers with reduced size and the presence of unfused myoblasts. Our data also show that the cell size triggering insulin pathway positively regulates glycolysis in developing muscles and that blocking the insulin or target of rapamycin pathways phenocopies the loss of function phenotypes of glycolytic genes, leading to myoblast fusion arrest and reduced muscle size. Collectively, these data suggest that setting metabolism to glycolysis-stimulated biomass production is part of a core myogenic program that operates in both invertebrate and vertebrate embryos and promotes formation of syncytial muscles.
morpholino | Danio rerio I ntensive research in a variety of models has uncovered many evolutionarily conserved features of making muscle, including initial myoblast specification, the events of their differentiation, and the assembly of the functional musculature (1) . However, several gaps still exist in our understanding of muscle development. One of the aspects that remains to be elucidated is the potential involvement of metabolic genes in muscle development and function. A better comprehension of the role of this class of genes seems important to improve our knowledge on metabolic myopathies involving glycolytic genes. For example, phosphoglycerate mutase 2 (pgam2) has been associated with myopathy with exercise intolerance (2) . The muscle disruption phenotypes observed in patients with pgam2 mutations, but also with phosphofructokinase (pfk) mutations, suggest a role for glycolytic genes in promoting muscle fiber resistance to contractions (3) . This view is supported by the phenotypes observed in mouse mutants for the muscle isoform of pfk (pfkm). Loss of pfkm in mice leads to a reduction of glycolysis in muscles and provokes severe phenotypes ranging from exercise intolerance to death around weaning, which are highly similar to clinical phenotypes of patients carrying pfk mutations (4) .
A novel developmental role for glycolytic genes has been reported in a recent study in Drosophila (5). This work provided evidence that glycolytic genes are part of a metabolic switch that supports rapid developmental growth of Drosophila larvae. It is well known that a shift to aerobic glycolysis, known as the Warburg effect, is commonly used by cancer cells (6) , but also by rapidly proliferating normal cells (7, 8) , to efficiently divert glycolytic intermediates (9) to the synthesis of the macromolecules needed for cell growth. Glycolysis might, therefore, contribute to developmental processes characterized by bursts in cell proliferation and/or by rapid growth. This idea is consistent with the high glycolytic activity observed in early mouse embryos (10) and with the requirement for glycolytic gene function downstream of Drosophila estrogen-related receptor (dERR) signaling in rapidly growing Drosophila larvae (5). Interestingly, dERR was reported to be expressed in developing embryonic muscles and found to activate glycolysis in midembryogenesis (5); however, the role of this transcriptional activation of glycolytic genes in muscle development has not yet been addressed.
Here we applied a large-scale in silico screen for evolutionarily conserved genes expressed in embryonic muscles. Among the identified candidates we found several genes encoding glycolytic enzymes, including the phosphoglyceromutase Pglym78/pgam2 gene involved in human myopathy with exercise intolerance. We show that loss of Pglym78/pgam2 function in developing skeletal muscle results in myoblast fusion defects in both Drosophila and zebrafish embryos, leading to a "thin muscle" phenotype.
Significance
We report that glycolytic genes are synchronously activated in midembryogenesis in developing Drosophila muscles and that muscle-targeted attenuation of their expression leads to reduced muscle size and the presence of unfused myoblasts. Importantly, a "thin muscle" phenotype is also observed in fast muscle fibers of pgam2 zebrafish morphants, strongly suggesting a conserved role of glycolysis in promoting myoblast fusion-based muscle growth. We also show that insulin positively regulates glycolysis and that blocking the insulin pathway phenocopies the loss of function phenotypes of glycolytic genes, leading to myoblast fusion arrest and reduced muscle size. These findings led us to propose that setting metabolism to glycolysis-based high-rate biomass production is part of a core myogenic program that promotes formation of syncytial muscles.
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We also demonstrate that insulin signaling positively regulates glycolysis and together with the target of rapamycin (TOR) pathway is required to promote fusion-based embryonic muscle growth. Thus, glycolytic genes emerge as a part of the evolutionarily conserved myogenic program ensuring proper formation of syncytial muscle. Our findings indicate that metabolic genes contribute to regulatory cascades controlling normal embryonic development.
Results

A Gene Expression-Based Screen Identifies Glycolytic Genes Among
Conserved Components of the Myogenic Pathway. Many developmental processes including formation of different types of muscles are controlled by evolutionarily conserved genes (11, 12) . We thus reasoned that by identifying conserved groups of genes expressed in developing muscles we could uncover new developmental regulators. To select conserved muscle genes with so-farunknown functions we designed a pipeline to screen existing databases (Fig. 1A) . We first examined gene expression databases of two evolutionarily distant species, Drosophila melanogaster (BDGP in situ, http://insitu.fruitfly.org) and Danio rerio (ZFIN, www.zfin.org). This led to the identification of 578 somatic/ skeletal muscle-expressed genes referenced for Drosophila and 722 for zebrafish. We then applied the multiorganism information system COMPARE (http://compare.ibdml.univ-mrs.fr/) to select only those among the muscle genes that are conserved between Drosophila and zebrafish (479 Drosophila and 587 zebrafish genes) and whose orthologs are expressed in developing muscles in both species (132 Drosophila and 169 zebrafish genes) ( Fig. 1A and Table S1 ). Within the selected pool of conserved muscle genes are some known conserved regulators of muscle development such as Mef2 or FGFR/heartless (htl) (Table S1 ). However, for the majority of candidates (113 Drosophila and 137 zebrafish genes), myogenic roles remain unknown (Fig. 1A) . Gene Ontology analysis of selected conserved muscle genes reveals that more than half of them encode proteins involved in metabolic pathways, including glycolytic enzymes (Fig. 1B and Table S1 ). In addition to this major gene category we notice that about 20% of candidates code for nucleic acid binding proteins and 10% for transporters (Fig. 1B) . To assess whether our screen identified genes that function in muscle development, we performed a functional analysis of randomly chosen genes from different functional classes (Fig. 1B and Table S1 ) in Drosophila. We used the dsRNA injection-based RNAi technique to attenuate gene expression in MHC-tauGFP transgenic embryos in which somatic muscle formation can be visualized (13) (SI Materials and Methods gives details). Among the tested genes we found that the RNAi-mediated attenuation of Pglym78, encoding one of the glycolytic enzymes, leads to an altered somatic muscle pattern (Fig. 1C) . We noticed that the majority of embryonic muscles in the Pglym78 RNAi context have abnormal shapes and appear significantly thinner (arrows and arrowheads in Fig. 1C ) compared with the negative control (LacZ dsRNA injections).
Phosphoglycerate Mutase (Pglym78/pgam2) Promotes FusionDependent Embryonic Muscle Growth in Drosophila and in Zebrafish Embryos. The muscle phenotype observed after attenuation of Pglym78 expression suggested a so-far-unknown developmental function of this gene in muscle formation and prompted us to further characterize effects of its loss of function. We first analyzed embryos carrying the P(EP) G4159 element insertion within the Pglym78 gene ( Fig. S1A ) and found that all somatic muscles appear thinner (compare Fig. 2A with Fig. 2B ). Similarly, embryos homozygous for the Pglym78 deficiency [Df(Pglym78)] generated by flippase recognition target (FRT)-mediated recombination ( Fig. S1A and Fig. 2C ) or those transheterozygous for Df(Pglym78) and P(EP) G4159 ( Fig. 2D) showed highly reminiscent muscle phenotypes with reduced muscle size and the presence of unfused myoblasts (arrowheads in Fig. 2 B-D and scheme in Fig. 2 F and F′), suggesting that myoblast fusion defects contribute to the observed phenotype. To test whether Pglym78 function is specifically required in the growing fiber, we crossed a UAS-Pglym78 RNAi line with the muscle-specific duf-Gal4 ( Fig. 2E ) and Mef2-Gal4 ( Fig. S1B ) driver lines. Indeed, muscle-specific attenuation of Pglym78 also leads to apparent fusion defects (arrowheads in Fig. 2E ) and to the formation of thinner muscles. To quantify the observed phenotypes we measured the width of two muscles, the laterally located segmental border muscle (SBM) and the dorsally located dorsal acute 1 (DA1) and counted the number of nuclei they contain (Fig. 2G) . The quantifications were done in wild-type and in muscle-specific Pglym78 RNAi contexts at the end of embryonic stage 15 [13 h after egg laying (AEL)], when myoblast fusion is completed. We found that Pglym78-deficient muscles (in both duf-Gal4 and Mef2-Gal4 contexts) display a significantly reduced size and contain fewer nuclei compared with the control (Fig. 2H and Fig. S1B and Table S2A ), supporting the view that myoblast fusion is affected. Because the duf-Gal4 driver allows targeting of Pglym78 in the time window more accurately corresponding to its expression in embryonic muscles, we chose to use duf-Gal4 in further analyses. The reduced number of nuclei in the muscles may be due to a decreased (Table S1 gives the full list of genes). (B) Gene Ontology (GO) classification of 113 conserved Drosophila candidate genes with unknown muscle functions. The dashed circle marks a sample of 20 candidate genes selected for functional analyses by direct dsRNA injection in Drosophila MHC-tauGFP embryos. (C, Left) The muscle pattern of a MHC-tauGFP embryo injected with dsRNA against the yeast LacZ gene (negative control). Ox Phos, oxidative phosphorylation; TCA, tricarboxylic acid cycle; Other met. path., other metabolic pathway. (C, Right) Muscle phenotype observed after injection of dsRNA against Pglym78, encoding phosphoglyceromutase and involved in glycolysis. Notice that after the attenuation of Pglym78 expression muscles appear thinner both in the dorsal (arrowhead) and in the lateral domain (arrows).
rate of fusion or to a premature arrest of the fusion process. To answer this question we counted nuclei in SBM and in DA1 muscles at five time points between 8 and 13 h AEL (stages 12 to 15) in wild-type and in duf > Pglym78 RNAi embryos. Our data demonstrate that in both muscles examined attenuation of Pglym78 leads to a premature fusion arrest at 11-11.5 h AEL ( Fig. 2 I and J and Table S2B ). This effect temporally coincides with the previously reported burst of glycolytic gene expression (5), but we cannot exclude that the maternal load of Pglym78 ensures the initial round of fusion. Altogether these data indicate a requirement of Pglym78 function for fusion-based growth of Drosophila body-wall muscles. Consistent with this view, attenuation of Pglym78 in the cardiac muscle cells that do not undergo fusion or in other cell types such as epidermal or neural cells has no effect on their developmental pattern (Fig. S1 C-E) .
To get further insight into the role of Pglym78 in myoblast fusion we monitored the appearance of actin foci that are formed in the fusion-competent myoblasts (FCMs) and in muscle precursors to which FCMs are going to fuse and that are thought to be an obligatory step in myoblast fusion (14, 15) . We first analyzed stage-13 embryos (9.5 h AEL) and found that in both control (duf > LacZ) and duf > Pglym78 RNAi conditions the FCMs get in contact with myotubes and that actin foci are present (arrows in Fig. 2 K and K′) . However, at stage 14 (11 h AEL), at the time fusion arrest occurs in duf > Pglym78 RNAi embryos, the capacity to form actin foci is severely affected (Fig.  2 L , L′, and M and Table S3 ). Because actin accumulation is particularly prominent on the side of adhering FCMs (15) the loss of actin foci indicates a nonautonomous effect of glycolytic gene knockdown. It has been proposed by Gildor et al. (16) that a signal emitted by the myotubes might be responsible for Notch decay in FCMs, making them competent to form actin foci and fuse. We thus used a M6-gapGFP sensor line (17) to follow Notch activity in FCMs. At embryonic stage 13 (9.5 h AEL), the number of M6-gapGFP-positive FCMs monitored in the ventral region was similar in control (duf > LacZ) and in mutant (duf > Pglym78 RNAi) contexts (Fig. 2 N-O′and R and Table S3 ). In contrast, at stage 14 (11 h AEL) the number of M6-gapGFPpositive FCMs goes down in control embryos, whereas in Pglym78 RNAi embryos it remains similar to the number observed at stage 13 (9.5 h AEL). Altogether, this suggests that the fusion arrest in Pglym78 RNAi condition is due to loss of actin foci formation, which in FCMs can be correlated with inefficient Notch decay. This negative influence on Notch activity is consistent with previously reported data (18) but also suggests an altered emission of a so-far-unidentified signal by glycolysis deficient myotubes. To examine one candidate signal, we tested whether glycolytic gene knockdown leads to activation of Delta in myotubes, which would then maintain Notch in FCMs. We found that membrane-associated Delta is only present in unfused FCMs but not in myotubes (Fig. S2B) . We also observed that myotube-targeted Delta expression does not influence the fusion process (Fig. S2C) . Thus, it is unlikely that muscle-derived Delta is responsible for inefficient Notch decay in FCMs in a glycolysisdeficient context. Testing the influence of glycolysis on other signaling pathways that are required for muscle development and are able to negatively regulate Notch would provide further insight into the genetic cascade linking glycolysis and myoblast fusion. For example, the JAK/STAT pathway could be one promising candidate pathway that may contribute to this link (19, 20) .
The identification of Pglym78 in our screen for conserved muscle genes prompted us to test whether its vertebrate ortholog, pgam2, plays a similar role in zebrafish muscle development. We attenuated expression of pgam2 by morpholino-mediated knockdown and found that, compared with control morpholinoinjected embryos, pgam2 morphants exhibit strongly reduced birefringence (21) , indicating a perturbation of muscle fiber structure or arrangement (Fig. 3 C and C′ compared with Fig. 3 B and B′ and Fig. S3A) . Interestingly, the slow and fast muscle fibers were differentially affected. Phalloidin staining of syncytial Table S3 for the mean values. Asterisks indicate significance of changes compared with the wildtype. ***P < 0.0001; **0.001 < P < 0.01; *0.01 < P < 0.05. fast muscle fibers revealed large gaps between the fibers and a reduction of their width (Fig. 3 G-I and N) , associated with a reduced number of nuclei per fiber (Fig. 3 J-L) . The overall number of fast fibers as well as of Pax7-positive myoblasts was significantly higher in pgam2 knockdown context compared with control condition (Fig. S3) , indicating that the developmental muscle defects are related to inefficient fusion. In contrast, slow muscle fibers, which do not undergo fusion and contain only one nucleus per fiber (22) , appear normal in the morphants (Fig. 3  D-F and M) . Furthermore, pgam2 knockdown did not affect heart muscle, which does not form syncytia either, and heartbeat in the morphants was normal (Fig. S3) . Together, these findings are consistent with a perturbation of myoblast fusion by attenuated pgam2 expression also in zebrafish embryos and suggest a conserved role for Pglym78/pgam2 in muscle development over large evolutionary distances.
Glycolytic Genes Are Synchronously Activated in Embryonic Drosophila
Muscles and Required for Their Proper Formation. Among the candidates identified by our screen and involved in metabolism we found 14 other genes, in addition to Pglym78, that encode glucose or pyruvate metabolism enzymes (Table S1 ), strongly suggesting that these pathways may contribute to embryonic muscle development. To investigate this possibility we first analyzed the embryonic expression patterns of six of the glycolytic genes and of the Impl3 gene, which catalyzes the reduction of pyruvate into lactate (see scheme, Fig. 4A ). We found that the transcripts of Pfk, Tpi, Gapdh1, Pgk, Pglym78, and PyK as well as that of Imlp3 accumulate specifically and synchronously in developing muscles starting from the embryonic stage 13 (9.5 h AEL) and that the expression of all these genes becomes predominantly muscular at the beginning of embryonic stage 15 (12 h AEL) (Fig. 4 C-I and  Fig. S4 ). Consistent with this, enzymatic activity of PyK, the last enzyme in the glycolytic pathway (Fig. 4A) , progressively increases in stage-15 to -16 embryos (12-15 h AEL) (Fig. 4B) , providing further evidence that glycolysis is active in developing muscles. To examine the function of this muscle-specific expression of glycolytic genes in midembryogenesis we analyzed effects of loss of function of Pfk, Tpi, and Pyk (Fig. S5 A-C) , as well as musclespecific attenuation of Pfk, Tpi, Gapdh1, Pgk, and PyK (Fig. 4 J-P) . In all cases analyzed we observed a moderately affected muscle pattern characterized by the presence of thinner muscles and unfused myoblasts-a phenotype highly reminiscent of that of Pglym78 RNAi embryos (compare with Fig. 4O and Fig. 2 B-E) . Furthermore, attenuation of Impl3 (Fig. 4Q) induced similar muscle phenotypes, suggesting that the conversion of the glycolysisderived pyruvate to lactate is one important metabolic pathway branch that promotes embryonic muscle development. In contrast, analyses of mutant alleles and RNAi knockdown contexts of the pyruvate dehydrogenase complex components CG11876 and CG5261 and of the respiratory chain component CoVa suggested that down-regulation of these genes does not affect the muscle pattern (Fig. S5 D-G′) . Altogether, these findings indicate that the myogenic functions of the glycolytic pathway are uncoupled from the oxidative phosphorylation pathway.
Insulin Signaling Positively Regulates Glycolysis and Together with the TOR Pathway Promotes Myoblast Fusion and Embryonic Muscle
Growth. The observation that the attenuation of glycolytic genes results in reduced muscle size prompted us to ask whether their action is coordinated with pathways controlling cell size. The insulin pathway is the major cell-size regulator and is known to control glucose metabolism in vertebrates (23) . We thus tested whether it also regulates glycolysis and controls the size of embryonic muscles in Drosophila. PyK activity is decreased in embryos expressing a dominant negative form of the insulin receptor (InR DN ) in muscles (Fig. 5H) , providing evidence for a role of the insulin pathway in promoting glycolysis. Moreover, the muscle-specific expression of InR DN results in a phenotype similar to those of loss of glycolytic genes (compare Fig. 5B with Fig. 4 K-P) . The same is true for loss of Akt1 function (Fig. 5C ) and for the muscle-specific expression of the negative regulator of the insulin pathway Pten (Fig. S6E) , as well as for musclespecific expression of the translational repressor foxo, an insulin target (Fig. 5D) . The InR DN -induced patterning defects seem specific to somatic muscles and are not seen in other tissues composed of mononucleated cells such as cardiac, epidermal, and neural cells (Fig. S1 C-E) . In addition, similar to Pglym78 RNAi, the duf > InR DN embryos show loss of actin foci and disturbed Notch decay in FCMs (Fig. S6 K-P) . In contrast, muscle-targeted overexpression of positive regulators of the insulin pathway (namely, the wild-type insulin receptor form InR wt , Akt1, and PI3K) or loss of foxo function do not seem to influence muscle pattern (Fig. S6 B-D and H-J) . Insulin is also known to control muscle growth via the regulation of TOR (24) . Consistent with this, loss of function of TOR, muscle-specific gain of function of the negative TOR effector 4E-BP, or muscle-specific knockdown of S6K lead to InR DN -like thin muscle phenotypes (Fig. 5 E-G and Fig. S7 A-F and Table S2 ), whereas gain of function of TOR does not lead to muscular defects (Fig. S6F) . Moreover, mutants of TORC2 component rictor have no muscle defects ( Fig. S6 G and I) , indicating that the phenotypes observed when TOR is attenuated specifically depend on TORC1 activity. These phenotypes do not seem to be a secondary consequence of energy depletion, because neither loss nor gain of function of the ATP sensor AMPK, which deactivates TOR signaling under energy stress, affects muscle development (Fig. S7 G-J) . Examining the kinetics of myoblast fusion in InR DN , UAS-foxo, UAS-4E-BP, and UAS-S6K RNAi contexts ( Fig. S7 E and F and Table S2 ) reveals, in all cases, a premature fusion arrest as previously observed in Pglym78 RNAi embryos ( Fig. 2 I and J) . The arrest temporally coincides with the muscle-specific burst of zygotic expression of glycolytic genes. Altogether, this suggests that both the glycolytic pathway and the TOR pathway, acting downstream of InR signaling, are required to complete the fusion programs in developing muscles (Fig. 5I ).
Discussion
One property that makes muscle cells different from other cell types is their syncytial character. In midembryogenesis, muscle precursors increase their size by fusing with surrounding fusioncompetent myoblasts, but the metabolic requirements of rapidly growing muscle precursors during the fusion process have not yet been analyzed. Here we identify glycolytic genes as conserved embryonic muscle genes and report that they promote myoblast fusion in both Drosophila and zebrafish embryos.
The shift to glycolysis in developing muscles during midembryogenesis is reminiscent of the switch to aerobic glycolysis in rapidly proliferating cancer cells known as the Warburg effect (6) . Even though developing muscle cells do not proliferate at that time, the fusion increases the number of nuclei and, thereby, the number of transcriptionally active genes per cell, which results in a higher demand for biomass production. The stimulation of both glycolysis (to provide building blocks such as amino acids or nucleotides) and the TOR pathway (to stimulate protein biosynthesis) together with the repression of Foxo (to reduce protein degradation) meets this demand (Fig. 5I) . In embryos deficient for Pglym78, only the first fusion events occur. It is thus conceivable that a nutritional checkpoint exists in developing muscles, which leads to transcriptional activation of glycolytic genes and thereby promotes fusion. Importantly, this function of glycolysis seems conserved in vertebrates because in zebrafish embryos deficient for the Pglym78 ortholog the size of syncytial fast muscle fibers is reduced. Interestingly, the size of the mononucleated, nonfusing slow fibers remains normal, indicating that the metabolic requirements of muscle precursors that undergo fusion are different from those of mononucleated cells.
How the metabolic and developmental processes are interconnected in muscle precursors remains poorly understood. A recent screen for Notch regulators in Drosophila revealed that glycolysis negatively regulates the Notch pathway (18) . Furthermore, decreasing Notch signaling in fusion competent myoblasts (FCMs) is a key event in making them competent to fuse (16) , thereby linking the Notch pathway to myoblast fusion. Here, we provide evidence that targeted attenuation of the glycolytic gene Pglym78 in developing muscles leads to fusion arrest accompanied by loss of actin foci and inefficient Notch decay in FCMs. It is tempting to speculate that the metabolic state of developing muscles and Notch signaling are connected via the hypoxia-inducible factor-1α (Hif-1α), a key factor induced in metabolic stress conditions and able to intensify Notch signaling (25) . However, whether the Hif-1α level increases in embryos deficient for glycolytic genes and whether it interacts with Notch in myoblasts remains to be investigated. Also, the myogenic functions of the JAK/STAT pathway (19) and its capacity to negatively regulate Notch (20) suggest it might be involved in linking glycolysis with myoblast fusion.
Regardless of the mechanism connecting metabolic and developmental pathways, our finding that Pglym78/pgam2 is required to ensure fusion-based muscle growth sheds light on the pathogenesis of pgam2-involving human myopathy (2) . Our data suggest that the exercise intolerance observed in patients could result not only from the perturbed energy metabolism, as has been thought so far, but also from a perturbation of the fusion process that may affect the repair of muscle damage occurring upon exercise.
Altogether, our data provide evidence that setting metabolism to glycolysis-based, high-rate biomass production is part of the core myogenic program that promotes formation of syncytial muscles during development.
Materials and Methods
Detailed information about the fly stocks and zebrafish morpholino design and injections can be found in SI Materials and Methods. This section also includes all information on experimental procedures including dsRNA injection, in situ hybridization, immunostaining, pyruvate kinase activity measurements, staging embryos, nuclei counting, and muscle size measurement. Myoblast fusion events have been analyzed by visualizing actin foci. 
